This paper describes a variable inductor and its application to a power controller for use in an electric power system. First, we present an orthogonal-core-type variable inductor and a three-phase 6.6 kV-100 kVA reactive power compensator using orthogonal cores. In addition, applications to power apparatuses such as a series compensator and a phase shifter are described. Next, we introduce a novel EIE-core-type variable inductor designed for a larger capacity.
Introduction
Recently, the importance of power flow control and line voltage stabilization in electric power systems has been increasing as a result of the growth in demand for power and the variability of loads. One method of regulating the voltage is through control of the reactive power in an electric power system. Static var compensators (SVCs) and static var generators (SVGs), which are power converters utilizing semiconductor power devices, have been introduced for this purpose 1)-4). However, these apparatuses have various problems such as harmonics, electromagnetic noise, and high cost.
Another device for reactive power control is a variable inductor 5), 6) consisting of a magnetic core and windings. As the inductance of the secondary winding changes with the primary dc current, it is possible to realize a reactive power compensation using a variable inductor and a capacitor. However, the variable inductor also has a problem of harmonics in the output current, because it generally uses the nonlinear B-H characteristic of cores.
In this paper, we present an orthogonal-core-type variable inductor with sinusoidal output current. The orthogonal core has wedge gaps between the primary and secondary cores, to reduce the harmonic currents. Using the variable inductor, we developed a 6.6 kV-100 kVA reactive power compensator. The results of field testing indicate that the trial reactive power compensator has good controllability and power quality.
The orthogonal core of the reactive power compensator is connected to an ac power line in parallel. When the variable inductor is connected in series, we can control the power flow in an electric power system, because the reactance of the power line changes with the variable inductor. The fundamental characteristics of the series compensator are discussed in this paper.
We also propose an EIE-core-type variable inductor suitable for a larger-capacity power compensator. The operating characteristics measured in the trial 6.6 kV-300 kVA reactive power compensator indicate that it can be used in practical applications.
For optimum design of the above apparatuses, we need to carry out a quantitative analysis of the variable inductor taking account of the nonlinear B-H characteristics of the core. A coupled analysis of variable inductor and the electric circuits, which are control and output circuits, is also needed. We present a novel method for calculating variable inductors based on three-dimensional nonlinear reluctance network analysis (RNA).
2. Orthogonal-core-type variable inductor 5)-7) Figure 1 shows a schematic diagram of an orthogonal core. In the figure, the primary and secondary currents are labeled i1 and i2, and the primary and secondary fluxes are labeled 01 and 02. Because of the peculiar magnetic circuit and nonlinear B-H characteristic of the core, the effective inductance of the secondary winding changes with the primary dc current. Figure 2 shows the basic circuit of the variable inductor. Though the orthogonal-core-type variable inductor has a simple structure, high reliability, and low cost, it has been pointed out that the harmonic currents must be reduced to allow practical use.
To alleviate the problem, we have proposed the use of wedge gaps between the primary and secondary cores of the orthogonal core 7), 8). Figure 3 shows the primary core with wedge gaps. The harmonics in the secondary current are decreased, because the nonlinearity of the magnetization curve of the core is relieved by the wedge gaps. Figures 4(a) and 4(b) show the relative harmonic contents of the secondary current of the orthogonal core without and with wedge gaps, respectively. The figures reveal that the harmonic currents are markedly reduced by the presence of wedge gaps. The residual third harmonic current will be improved when we use the variable inductor in a three-phase electric power system. Relative harmonic contents of the secondary current when the orthogonal core has wedge gaps and when it does not. power. Figure  7 shows the orthogonal-core type variable inductor used for the 100 kVA reactive power compensator. Figure 8 shows the appearance of the trial reactive power compensator, which is connected to a 6.6 kV ac distribution system. Figure 10 shows the observed waveforms of the output current for various control currents. This reveals that the output current is almost sinusoidal over a wide control region. Fig. 15 Circuit configuration of a phase shifter using a three-phase orthogonal-core-type variable inductor. Figure 19 shows a general view of the trial three-phase 6.6 kV-300 kVA reactive power compensator using the EIE-core-type variable inductor 23). The oil-immersed and self-cooled system is adopted in the trial variable inductor.
The total weight of the equipment, including control circuits, is 3.9 t. Figure 20 shows the control characteristics of the reactive power. It indicates that the trial variable inductor has good controllability and a maximum capacity of 300 kVar. Figure 21 demonstrates the distortion factor of the secondary current, and Fig. 22 shows the observed waveforms of the secondary current in half-and full-control conditions. The figures indicate that the EIE-core-type variable inductor has an almost sinusoidal output current in a wide control region. Fig. 19 General view of the trial three-phase 6.6 kV-300 kVA reactive power compensator using the EIE-core-type variable inductor. Fig. 23(a) . To allow consideration of leakage fluxes, the surrounding space is also divided.
The divided elements can be expressed by a three-dimensional magnetic circuit, as shown in Fig. 23(b) . secondary currents in the same manner. From the currents, we can calculate the secondary reactive power and the mean value of the primary dc current. Figure 32 shows the relationship between the reactive power and the mean value. The measured results are also plotted in the figure, which reveals that the calculated values agree well with the measured ones.
6. Conclusion
We have described an orthogonal-core-type variable inductor and its application to a power controller for use in an electric power system. We have also introduced an EIE-core-type variable inductor for larger-capacity power applications. In addition, we have presented a method of reluctance network analysis (RNA) for quantitative analysis of the variable inductors.
We indicated that the variable inductors have robust construction, good controllability, and sinusoidal output current, and showed that a trial 100 kVA reactive power compensator using the orthogonal core functioned effectively. We are now carrying out field tests of a trial 300 kVA reactive power compensator using the EIE core.
It has been demonstrated that RNA is a suitable calculation method for variable inductors. RNA is particularly useful for optimum design of power apparatuses with very large capacity, since it is difficult to trial-manufacture such apparatuses.
In electric power systems, it is becoming increasingly important to maintain the reliability of the power supply and the quality of supplied power, because deregulation of electric utilities is proceeding at an increasing pace, and multiple dispersed generators such as wind turbines are often connected to a utility grid. As the variable inductors presented here have high reliability, good controllability, power quality, and low cost, we expect that they will have practical applications to power control apparatuses for electric power systems.
